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Abstract Phthalates are chemical additives to common consumer goods including cleaning products,
cosmetics, personal care products, and plastic. Because they are not chemically bound to these products
and are widely used, the potential for environmental contamination is significant. Phthalates and their
metabolites have been associated with endocrine disruption and reproductive impairment, among other
adverse health effects, in laboratory animals and human epidemiologic studies. Common bottlenose dolphins
(Tursiops truncatus) are vulnerable to environmental pollutants due to their apex position in the food chain,
long life spans, and habitat overlap with developed coastal areas. The objective of this study was to quantify
phthalate metabolite concentrations in urine collected from bottlenose dolphins in Sarasota Bay, Florida,
during May 2016 (n = 7) and May 2017 (n = 10). Screening of nine phthalate monoester metabolites in
bottlenose dolphin urine was performed by liquid chromatography tandem mass spectrometry using
methods adapted from those used for analyzing human samples. At least one phthalate metabolite was
detected in 71% of the dolphins sampled across both years, with the highest concentrations detected for
monoethyl phthalate (MEP; GM= 5.4 ng/ml; 95%CI: 1.3–22.0 ng/ml) andmono-(2-ethylhexyl) phthalate (MEHP;
GM = 1.9 ng/ml; 95%CI: 1.1–3.2 ng/ml). These data demonstrate exposure to two of the most commonly used
phthalates in commercial manufacturing, diethyl phthalate (DEP) and di-2-ethylhexyl phthalate (DEHP). This
study establishes methods for urinary detection of phthalate metabolites in marine mammals and provides
baseline data to address a significant and growing, yet poorly understood, health threat to marine wildlife.

Plain Language Summary For the first time, phthalate metabolites have been detected in the urine
of wild bottlenose dolphins. Parent phthalate compounds are common additives to plastics and other
products. In humans, phthalate exposure is linked with hormonal and reproductive issues; however, health
effects in dolphins are currently unknown. Because dolphins are sensitive gauges of their surroundings,
detection of phthalate exposure in these dolphins suggests some level of environmental contamination.
Additional research is needed to determine the source of their exposure and whether phthalates may
negatively impact dolphin health.

1. Introduction
1.1. Introduction to Phthalates and Potential Health Concerns

Dialkyl phthalate esters, commonly known as phthalates, are high production volume (HPV) chemicals man-
ufactured for use in a variety of commercial goods, including personal care products, pesticide formulations,
medical devices, building materials, electronics, and plastics. As a plasticizer, phthalates functionally increase
the flexibility and other desirable properties of plastic products. These chemicals also act as an emulsion
agent; phthalates can be added to enhance solubility of mixture components, such as fragrances in personal
care products (Agency for Toxic Substances and Disease Registry (ATSDR), 1995, 2002). Certain phthalates
have been identified as reproductive and developmental toxicants and endocrine disruptors. Mammalian
toxicological studies have suggested that some phthalate compounds can disrupt the secretion of thyroid
and growth hormones (Mathieu-Denoncourt et al., 2015), alter steroidogenesis and lower circulating concen-
trations of testosterone (Bell, 1982; Meeker & Ferguson, 2014; Sathyanarayana et al., 2017), and impact the
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production and metabolism of estrogen (Sathyanarayana et al., 2017). The consequences of these hormonal
changes may result in reduced fertility, abnormal reproductive organ development, and impacts on preg-
nancy outcomes (Bell, 1982; Latini et al., 2004). Adverse effects of phthalate exposure, such as altered hor-
mone synthesis, reduced locomotor activity, and impacts on metabolism have also been reported for
aquatic organisms, including crustaceans and fish (Oehlmann et al., 2009). To date there are no published stu-
dies assessing health outcomes of phthalate exposure to marine mammals. Contaminant exposures, such as
polychlorinated biphenyls and other endocrine active compounds, are linked to impaired reproduction and
reduced growth rates in cetacean populations and are correlated with altered hormone status (Schwacke
et al., 2002, 2011; Wells et al., 2005). Concern over the widespread occurrence of phthalates and potential
for detrimental health effects thus extends also to concern over discharge into the marine environment
and impacts on coastal ecosystem health. For example, the Southern California Coastal Water Research
Project, through a tiered assessment of geographic regions susceptible to wastewater treatment plant efflu-
ent and storm water discharge, has identified phthalates as a “chemical of emerging concern” (CEC; Southern
California Coastal Water Research Program, 2012).

1.2. Environmental Exposure to Phthalates

With a wide range of applications, phthalates have many entry points into the aquatic environment, includ-
ing via nonpoint source runoff, point source discharges, such as industrial or municipal wastewater effluents,
leaching from plastic products, and atmospheric deposition (ATSDR, 2002; D.-W. Gao & Wen, 2016).
Phthalates are not considered persistent chemicals, but ongoing release of phthalates into the environment
lead to pseudo persistence and may result in chronic and ubiquitous environmental exposure risks to wildlife.
Marine and aquatic organisms may be exposed through inhalation or ingestion of phthalate-contaminated
air, water, sediment, and prey, and both direct and indirect or accidental ingestion of plastic (Cole et al.,
2011; Fossi et al., 2012, 2014; Hu et al., 2016). Plastic additives and environmental contaminants sorbed to
plastics are known to be bioavailable to organisms upon ingestion although the significance compared to
other pathways is debated (Beckingham & Ghosh, 2017; Koelmans et al., 2016), and the full accounting of
the risks of plastics in the environment is an ongoing research and monitoring need (Jahnke et al., 2017).
What is clear, however, is that the largest production volume phthalate chemicals are most often utilized
in plastics-related industries, and increasing manufacture of plastics is a driver for continued environmental
release of plastic additive chemicals such as phthalates (Rodgers et al., 2014). Use of phthalates has been
shifting, however, following regulatory and consumer pressures to eliminate, limit, or replace phthalates in
certain products (Erickson, 2017; Zota et al., 2014).

1.3. Phthalate Metabolism and Sampling Considerations

In humans and other mammals, phthalatemetabolism occurs quickly through the hydrolysis and conjugation
of diester phthalate parent compounds, thereby resulting in detectable monoester metabolites or conju-
gated compounds in feces and urine (Frederiksen et al., 2007; Wittassek & Angerer, 2008). Phthalate metabo-
lites in urine, rather than the parent diester, have been deemed the most reliable indicator of phthalate
exposure in human populations due to the rapid metabolism of diester phthalates in the body, as well as
the potential for sample contamination with diester parent compounds from equipment during analysis
(Blount et al., 2000; Calafat & McKee, 2006; Frederiksen et al., 2007; Högberg et al., 2008). Phthlates are also
biotransformed in the aquatic food web, although metabolic transformation efficiencies tend to increase
with trophic level (Hu et al., 2016).

Phthalate metabolites have been previously studied in a variety of marine and aquatic organisms including
plankton, molluscs, and crustaceans (Blair et al., 2009), multiple fish species (Fourgous et al., 2016; Ros et al.,
2015, 2016; Valton et al., 2014), alligators (Brock et al., 2016), a basking shark (Cetorhinus maximus, Fossi et al.,
2014), and several marine mammal species inhabiting the Mediterranean Sea (Fossi et al., 2012, 2014; Baini
et al., 2017). In the bulk of these investigations, blubber, organ, andmuscle tissues were used to quantify con-
centrations in organisms, while bile has been analyzed in fish species (Ros et al., 2015; Valton et al., 2014).
Only in the American alligator (Alligator mississippiensis) has urinalysis for phthalate metabolites been per-
formed in wildlife species to date (Brock et al., 2016). Given that phthalate diester compounds are readily
transformed to the monoester, conjugated and excreted in urine, metabolite measurement in urine provides
a noninvasive method for assessing phthalate exposure.

10.1029/2018GH000146GeoHealth

HART ET AL. 314



1.4. Study Objectives

Our objective was to quantify urinary phthalate metabolites in bottlenose dolphins sampled in an urban estu-
ary. As top-level predators and marine mammals with a long lifespan, resident stocks of bottlenose dolphins
serve as sensitive gauges to detect disturbances in their local environment (Schwacke et al., 2009, 2011, 2013;
Smith et al., 2017; Wells et al., 2004). Urine, although a preferred matrix for biotransformed contaminants, is
not a common matrix for wildlife studies. Urine has been used previously to assess bottlenose dolphin expo-
sure to other contaminants, such as perfluorochemicals (Houde, Balmer, et al., 2006) and algal toxins (Twiner
et al., 2011), but to our knowledge, this is the first study to quantify phthalate metabolites in bottlenose dol-
phin urine. Similarly, this is the first study to examine marine mammalian phthalate exposure among a popu-
lation inhabiting coastal waters in the Gulf of Mexico. This study provides methods and baseline data critical
for the development and use of urinary biomonitoring as an indicator for environmental phthalate contam-
ination and helps to develop hypotheses for future studies regarding potential associations between phtha-
late exposure and health outcomes.

2. Materials and Methods
2.1. Sarasota Bay Dolphins

Bottlenose dolphins in Sarasota Bay, Florida, USA, have been part of a long-term study to examine their biol-
ogy, life history, movement patterns, reproduction, health, and behavior since 1970. Resident dolphins in this
area belong to a population of approximately 160 individuals, and study methods have included telemetry,
underwater acoustic recording, photoidentification (photo-ID), focal animal behavioral follows, and capture-
release health assessments. Photo-ID surveys were conducted seasonally until 1992 and subsequently have
been conducted over 10 boat-days each month to monitor the resident population (Wells, 2009). The
Sarasota Bay bottlenose dolphin population includes the oldest known female (67 years in 2017), as well
as up to five concurrent generations of related individuals (Scott et al., 1990; Wells, 2009, 2014; Wells et al.,
1987; Wells et al., 2004). The long-term study of dolphins in this region has provided the opportunity to con-
duct both cross-sectional and longitudinal epidemiologic investigations of health outcomes that may result
from environmental exposures and stressors (Hart et al., 2012; Schwacke et al., 2013; Twiner et al., 2011; Wells
et al., 2004, 2005), including extensive studies on perfluoroalkyl compounds (Houde et al., 2005; Houde,
Balmer, et al., 2006; Houde, Bujas, et al., 2006) and legacy persistent organic pollutants (POPs; Kucklick
et al., 2011; Wells et al., 2005; Yordy et al., 2010a, 2010b). Sarasota Bay dolphins are multidecadal, multige-
nerational, year-round residents to Sarasota Bay and vicinity. Some individuals have been observed for more
than 40 years, through more than 1,500 sightings.

2.2. Sample Collection

Capture-release health assessment methods have been previously described elsewhere (Wells, 2009). Briefly,
small groups of free-swimming bottlenose dolphins ranging in age between 2 and 50 years old are encircled
in shallow water using a seine net measuring 500 m × 4 m and gently restrained by trained personnel. Blood
is immediately collected from a ventral fluke vessel, and females are examined by ultrasound to determine
pregnancy status. Dolphins that are not in their second or third trimester of pregnancy are then lifted via sling
onto a specially designed, padded, and shaded sampling platform at which point measurements of mass,
length, and girth are collected, prior to biological sampling. Once onboard, dolphins are gently rolled onto
their right side to facilitate urine collection.

Urine was collected via aseptic catheterization (sterile Covidien-brand Kendall™ or Kangaroo™ catheters) and
initially collected into 15- or 50-ml clear polypropylene centrifuge tubes (Corning), depending on volume. In
some cases, a sterile 10-ml Luer Lock disposable syringe (Excelint International Co.) was used to help create a
vacuum during catheterization. Aliquots for phthalate metabolite analysis, ranging in volume between 2 and
10 ml, were subsampled from the collection vials into sterile, 10-ml cryogenic copolymer vials (Denville
Scientific) and kept cold on ice in the field. Upon return to land, samples were frozen with liquid nitrogen
for transport in vapor shippers and stored below �20 °C until analysis. Urine sample blanks were prepared
according to the National Institute of Standards and Technology’s (NIST) marine mammal health assessment
sample collection protocols similarly to collection of blood (Kucklick et al., 2010). Specifically, deionized water
(DI) was pushed through each type of catheter as described above, collected into the same 15- or 50-ml clear
polypropylene centrifuge collection tubes as used for urine collection, then dispensed into the same type of
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cryogenic copolymer vials, kept cold on ice in the field, and frozen with liquid nitrogen for transport. The 2016
and 2017 bottlenose dolphin capture-release health assessments in Sarasota Bay were conducted under
National Marine Fisheries Service Scientific Research Permit No. 15543, as well as IACUC approvals renewed
annually by Mote Marine Laboratory.

2.3. Sample Processing and Analysis

Each urine sample was screened for nine phthalate monoester metabolites including: monomethyl
phthalate (MMP), monoethyl phthalate (MEP), monoisobutyl phthalate (MiBP), monobutyl phthalate
(MBP), monobenzyl phthalate (MBzP), mono-(2-ethylhexyl) phthalate (MEHP), mono-(2-ethyl-5-oxohexyl)
phthalate (MEOHP), mono-(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP), and mono-isononyl phthalate
(MNP). Methods for analyzing phthalate metabolite concentrations in bottlenose dolphin urine were
based on protocols established by the Centers for Disease Control and Prevention for human biomoni-
toring (Center for Disease Control and Prevention (CDC), 2012) and Wenzel et al. (2018). Processing of
thawed, room temperature urine samples (1 ml) involved addition of 13C-labeled phthalate metabolite
internal standards (13C-MEP, 13C-4-methyl umbelliferone, 13C-MeHHP, 13C-MEHP, 13C-MBzP; Cambridge
Isotope Laboratories) and 4-methyl umbelliferone glucuronide (Sigma Aldrich), then enzymatic de-
glucuronidation with E. coli β-glucuronidase (Roche Biomedical, 80 units/mg protein) in a 1 M ammo-
nium acetate buffer, followed by isolation of phthalate metabolites by solid phase extraction (SPE).
The enzymatic reaction was assessed by monitoring the conversion of 4-methyl umbelliferone glucuro-
nide to 4-methyl umbelliferone. The enzyme used for de-glucuronidation of conjugated phthalate meta-
bolites does not convert diester phthalate parent compounds to monoesters (Blount et al., 2000). In
brief, SPE cartridges (Agilent Bond Elute Nexus, 60 mg, 3 ml) were preconditioned with acetonitrile
(1 ml) followed by phosphate buffer (1 ml, 0.14 M NaH2PO4 in 0.85% H3PO4:H2O). Samples were trans-
ferred onto cartridges, and cartridges were rinsed with 0.1 M formic acid (4 ml) followed by deionized
water (2 ml), and then dried under vacuum. Phthalate metabolites were collected by eluting cartridges
with acetonitrile (1 ml) and ethyl acetate (1 ml). The SPE method previously developed for human bio-
monitoring (CDC, 2012; Wenzel et al., 2018) was modified by increasing the wash step due to the rela-
tively high specific gravity of the dolphin urine samples. Sample extracts were evaporated to dryness in
a water bath (55 °C) under a gentle stream of nitrogen gas, then reconstituted in 200 μL of DI water. All
reagents used were high purity and solvents were HPLC-grade. Urine specific gravity was measured in
the field with a hand-held refractometer.

The separation, detection, and quantification of phthalate metabolites in urine extracts was performed by
high-performance liquid chromatography (Agilent 1100 series) with electrospray ionization tandem mass
spectroscopy (Applied Biosystems 4000; HPLC-ESI-MS/MS). Separation was achieved over 15 min on a C18-
stationary phase analytical column (Waters XBridge 50 × 2.1 mm, 2.5 μm particle size) at a flow rate of
200–300 μL/min with a gradient mobile phase of acetonitrile with 0.1% acetic acid (A) and HPLC-grade water
with 0.1% acetic acid (B). The mobile phase gradient was 2.5 min at 20%A:80%B, followed by a linear ramp to
80%A:20%B by 15 min, then 4 min post-run at 100%A and column reequilibration at 20%A:80%B for 15 min.
Parameters for the mass spectrometer source include the following: entrance potential, �10 V; collision exit
potential, �15 V; ion spray voltage, �4,200 V; temperature 450 °C. Compounds and mass transitions moni-
tored are listed in Table S1 (supporting information) along with retention times. An additional confirmation
ion was monitored for MEP and MEHP. Quantitation was accomplished using a 4–5 point calibration curve
prepared in Type I DI with isotopically labeled phthalate monoester compounds, 4-methyl umbelliferone
(Sigma Aldrich), and target phthalate metabolites obtained as neat compounds from CanSyn (Toronto,
CA). Calibration standards were processed through the method along with urine samples (CDC, 2012).
Limit of detection (LOD) was estimated as the highest measured concentration in deionized water method
blanks (USEPA, 2016) or the lowest standard in the calibration curve. The higher LOD was applied for a con-
servative approach (Table S1; Wenzel et al., 2018).

Quality assurance/quality control samples processed along with urine samples and calibration standards
included DI blanks, DI spike, field blanks of urine collection equipment (catheters and syringes), urine
sample duplicates, and urine matrix spikes. Phthalate metabolite concentrations in dolphin urine were
corrected for field blanks (see supporting information). Urine concentrations were not adjusted for
specific gravity.
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2.4. Statistical Analysis

Statistical analyses used Statistica (Version 13, Dell Inc., Round Rock, TX) and R (Version 3.2, R Foundation for
Statistical Computing, Vienna, Austria) software packages. Descriptive statistics were calculated for detect-
able phthalate concentrations, and normality was tested using a Shapiro-Wilk test. Urinary phthalate metabo-
lite concentrations for two commonly reported metabolites in the literature (MEP and MEHP) and the sum of
all nine phthalate metabolites (Σpht) were compared between sampling years, sexes, and age classes (calves
and subadults vs. adults) using a Mann-Whitney U test. For these comparisons, concentrations below the limit
of detection were included in the analyses as one half the concentration value of the lowest calibrant (0.5 ng/
ml for MEP and 0.05 ng/ml for all other analytes). Dolphins were considered to be calves if captured with their
mother, and dolphins 10 years of age or older were deemed adult (Read et al., 1993). Age was determined by
analysis of dentinal growth layer groups (Hohn et al., 1989) or known year of birth via field observations.
Statistical significance for the year, age, and sex comparisons within the Sarasota Bay data set was evaluated
using α = 0.05. For dolphins sampledmore than once in a single year, phthalate metabolite concentrations for
the first sampling were used for year, sex, and age class comparisons.

3. Data

The data are provided in Figure 1, Table 2, and supporting information.

4. Results
4.1. Sampled Dolphin Demographics

Urine for phthalate metabolite analysis was opportunistically collected from seven (four female, three male)
dolphins in 2016 and 10 (five female, five male) dolphins in 2017. In both years, mother-calf pairs (2016: n = 1;
2017: n = 2) were sampled for phthalate metabolites (Table 1). F292 and F296 were additional calves sampled
in 2016 and 2017, respectively, whose mothers were not sampled for urinary phthalate metabolites. Likewise,
F209 was a mother sampled in 2016 with a calf whose urine was not collected. Sampled dolphins were 2 to
34 years of age (Table 1).

4.2. Phthalate Concentrations

Phthalate metabolites were detected in 71% (N = 12) of the 17 individuals sampled. Method recoveries of
MMP, MBP, and MNP assessed by matrix spikes performed with five different dolphin samples split between
years was relatively low and variable (25% ± 32%, 68% ± 20% and 64% ± 16%, respectively). Method recovery
of MMP and MBP from a spike into deionized water was higher (85% and 99%, respectively), and matrix spike
recovery was lower at higher urine specific gravity (Figure S1), indicating that the analytical response of these
compounds may be reduced by ion suppression. Because of the poor recovery and potential for matrix
effects, MMP was excluded from analyses of phthalate exposure. Matrix spike recovery of all other phthalate
metabolites measured was satisfactory (81% to 110%). MBP, MNP, MiBP, MEHHP, and MBzP were not
detected in any dolphin samples. Method recovery may contribute to nondetection of MBP and MNP,
although environmental prevalence is also expected to be lower for these parent phthalate compounds
(Blair et al., 2009; D.-W. Gao & Wen, 2016). The most commonly detected metabolites were MEP (seven of
18 samples), MEHP (nine of 18 samples), and MEOHP (four of 18 samples; Table 2). The highest concentration
detected was for the metabolite MEP (33.4 ng/ml), while MEOHP occurred at the lowest concentrations
(0.1 ng/ml). Concentrations for MEP ranged from 1.0 ng/ml to 33.4 ng/ml, MEHP ranged from 0.9 ng/ml to
5.9 ng/ml, and MEOHP ranged from 0.1 ng/ml to 0.4 ng/ml (Table 2). Measures of central tendency for con-
centrations of each detectable metabolite are reported in Table 2. Urine was collected from one dolphin
(F209) during subsequent sampling events 4 days apart, where MEP was detected at different concentrations
in each sample, and MEHP was detected only in the recapture sample (Table 2). Concentrations of MEHP and
MEP were detected above LOD in some catheter and syringe field blanks used for sample collection
(Table S2), and all urine results reported have been corrected for field blank concentrations.

Median and geometric mean concentrations of MEP, MEHP, and Σpht for both sampling years, sexes, and age
classes are presented in Table 3. No significant differences in concentrations of MEP, MEHP, or Σpht were
observed between years, sexes, or age classes (p > 0.05; Table 3). The geometric mean for total phthalate
metabolite (Σpht) concentration for calves was 3.4 ng/ml, while adults measured 2.2 ng/ml (p = 0.39,
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Table 3). The geometric mean concentrations for Σpht and MEP in 2016 were 3.4 ng/ml and 2.5 ng/ml,
respectively. In 2017, Σpht and MEP geometric means were 2.1 ng/ml and 0.7 ng/ml, which were not
significantly different than the previous year (p = 0.81, Table 3).

4.3. Comparison of Sighting Histories

Individual dolphin photo-ID sighting histories were analyzed as an indication of geographic exposure, as geo-
graphic differences in phthalate metabolite concentrations among cetaceans has been previously

Figure 1. Sighting histories of Sarasota Bay bottlenose dolphins with detected levels of any phthalate metabolite (group A)
and no detected levels of any phthalate metabolite (group B). Note: These sightings are for the calendar year prior to
capture date.
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demonstrated (Fossi et al., 2012). The sightings of each dolphin
sampled for phthalate metabolites were examined for the calendar
year prior to their health assessment date and plotted on a map
according to whether phthalate metabolites were detected (Group
A) or not detected (Group B, Figure 1). Teitelbaum et al. (2008) sug-
gested that single spot urine samples in human populations could reli-
ably estimate phthalate exposure within the previous 6 months, while
Hauser et al. (2004) found that single spot urinary concentrations of
certain phthalate metabolites could signal exposure within the past
3 months. One calendar year was selected as the time frame, rather
than 3 or 6 months, in order to increase the number of sightings per
dolphin and show a more representative view of their occupation of
the survey area. There was considerable geographic overlap in the
sightings between both groups, although there were two regions
where sightings of Group A appeared to dominate: southeastern
Sarasota Bay and northwestern Sarasota Bay, extending into the
mouth of Tampa Bay. However, the small sample size for each group
prevents definitive conclusions on geographic differences in exposure.
Sampling was not targeted specifically for any region of Sarasota Bay;
samples in the present study were taken from dolphins opportunisti-
cally encountered at the time of sampling in Palma Sola Bay or north-

western Sarasota Bay. Interestingly, dolphin F209 was captured at two different locations within the northwest
region of Sarasota Bay 4 days apart, and urine samples differed in levels of MEP and MEHP (Table 2).

5. Discussion
5.1. Phthalate Metabolites in Sarasota Bay Dolphins

This is the first study to report urinary concentrations of phthalate metabolites in bottlenose dolphins, and to
our knowledge, any marine mammal. In humans, urine is considered the most reliable matrix for phthalate
metabolite detection due primarily to the rapid metabolism of parent compounds and the potential for con-
tamination of other matrices in the analysis of phthalate parent compounds (Blount et al., 2000; Calafat &
McKee, 2006; Frederiksen et al., 2007; Högberg et al., 2008). We found that field blanks were a highly bene-
ficial component of the present biomonitoring survey in order to differentiate levels in urine for these ubiqui-
tous compounds, as has been discussed by others (Calafat & Needham, 2009). Thus, we have applied
approaches used successfully for human biomonitoring to the study of an important environmental sentinel
species in Sarasota Bay, Florida, USA. MEP and MEHP were the most commonly detected metabolites among
Sarasota Bay bottlenose dolphins and were also detected at the highest concentrations compared to the
other metabolites screened. MEHP, along with MEOHP and MEHHP, is a metabolite of the parent compound
DEHP, which is a commonly used phthalate in commercially produced plastic items (ATSDR, 2002). MEP is a
metabolite of DEP, a phthalate often added to cosmetics and personal care products (ATSDR, 1995).

Previous studies have demonstrated that despite the potential for daily fluctuations in humans, a single urine
sample can predict the average exposure within the previous 3–6 months for some phthalates (Hauser et al.,
2004; Teitelbaum et al., 2008); however, it is not known how exposure varies temporally in dolphins and there-
fore the representation of spot samples. Our findings further support the transient nature of phthalate exposure,
based on urinalysis results for a dolphin (F209) that was sampled twice with only 4 days separating sampling
events. Similar to most dolphins in the study, MEP and MEHP were the detectable metabolites for F209; how-
ever, MEP was higher during her first sampling event (5.3 ng/ml vs. 1.0 ng/ml), while MEHP was only detected
during her second sampling event (3.4 ng/ml). These differences could represent geographic influence on expo-
sure or reflect normal variation for an individual (Hauser et al., 2004). The significance of the findings for F209
remains to be understood until additional repeated samples can be collected from bottlenose dolphins.

5.2. Phthalate Metabolite Comparisons to Other Species

It is not particularly surprising to find MEP and MEHP in dolphins, since both of these compounds have
been detected in other aquatic wildlife, such as blue mussel tissue (Mytilus edulis, Blair et al., 2009), muscle

Table 1
Demographics of Bottlenose Dolphins (Tursiops truncatus) Sampled in Sarasota Bay,
Florida, 2016–2017

Dolphin ID Year Sex Age Age class Calf of

F188 2016 M 20 Adult
F223 2016 F 15 Adult
F259 2016 F 3 Calf FB33
F292 2016 M 4 Calf
FB33 2016 F 34 Adult
F178 2016 M 21 Adult
F209 2016 F 12 Adult
F209 (recapture) 2016 F 12 Adult
F242 2017 M 27 Adult
F173 2017 M 15 Adult
F271 2017 F 23 Adult
F306 2017 M 4 Calf
F267 2017 F 2 Calf F151
F263 2017 F 2 Calf FB07
F151 2017 F 17 Adult
FB07 2017 F 33 Adult
F296 2017 M 4 Calf
F164 2017 M 28 Adult
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of Dungeness crab (Metacarcinus magister, Blair et al., 2009), and muscle, brain, liver, and bile from
multiple species of fish (Fourgous et al., 2016; Ros et al., 2015, 2016; Valton et al., 2014). MEHP has
been detected in blubber of fin whales (Balaenoptera physalus, Fossi et al., 2012, 2014), muscle of
basking sharks (Cetorhinus maximus, Fossi et al., 2014), blubber and skin from a bottlenose dolphin
(Baini et al., 2017), blubber and skin from a Risso’s dolphin (Grampus griseus, Baini et al., 2017), blubber
and skin from striped dolphins (Stenella coeruleoalba, Baini et al., 2017), and urine from American
alligators (Alligator mississippiensis, Brock et al., 2016). Sarasota Bay dolphins revealed individual
variability in the type and amount of phthalate exposure. This has been seen in these other studies as

Table 3
Comparison of Bottlenose Dolphin Phthalate Metabolite Concentrations (ng/mL)a Between Sampling Years, Sexes, and Age Classes (Sarasota Bay, Florida, 2016–2017)

Category Level N GMa,bMEP Mediana,cMEP MEP p GMa,b MEHP Mediana,c MEHP MEHP p GMa,b Σpht Mediana,c Σpht Σpht p

Year 2016 7 2.5 (0.5–13.6) 1.3 (0.5–21.2) — 0.1 (0.02–0.7) 0.05 (0.05–1.5) — 3.4 (0.8–15.0) 1.7 (0.9–23.0) —
2017 10 0.7 (0.4–1.1) 0.5 (0.5–0.5) 0.16 0.5 (0.1–1.9) 1.0 (0.05–2.1) 0.26 2.1 (1.2–3.6) 1.9 (0.9–3.9) 0.81

Sex Male 8 1.4 (0.4–4.7) 0.9 (0.5–2.4) — 0.3 (0.1–1.5) 0.5 (0.05–1.9) — 2.7 (1.0–7.6) 1.9 (1.3–4.7) —
Female 9 1.0 (0.3–2.9) 0.5 (0.5–0.5) 0.47 0.3 (0.1–1.2) 0.05 (0.05–1.5) 0.89 2.4 (1.0–6.0) 1.7 (0.9–5.7) 0.89

Age Class Calf/ Subadult 6 1.2 (0.2–7.2) 0.5 (0.5–1.6) — 0.4 (0.04–4.7) 1.0 (0.05–3.1) — 3.4 (0.8–14.9) 2.9 (1.0–7.0) —
Adult 11 1.1 (0.5–2.7) 0.5 (0.5–3.1) 1.00 0.2 (0.1–0.7) 0.05 (0.05–1.5) 0.45 2.2 (1.1–4.4) 1.7 (0.9–5.5) 0.39

aConcentrations below the limit of detection were included in analysis as one-half the lowest calibration standard concentration (0.5 ng/ml for MEP and 0.05 ng/
ml for all other compounds). Calculations exclude recapture sample for F209. bGeometric mean (GM) and (95% confidence interval). cMedian and (interquar-
tile range).

Table 2
Urinary Phthalate Metabolite Concentrations (ng/mL, Detected> LODa) for Bottlenose Dolphins Sampled From Sarasota Bay,
FL in 2016 and 2017

Dolphin Specific gravity MEPb,c MEHPb,d MEOHPe Total

2016
F188 1.043 <LOD
F223 1.035 <LOD
F259 1.026 0.2 0.2
F292 1.040 33.4 2.0 0.1 35.5
FB33 1.041 21.2 1.5 22.7
F178 1.030 1.3 1.3
F209 1.034 5.3 5.3
F209f ND 1.0 3.4 4.4

2017
F242 1.040 3.1 1.7 0.4 5.2
F173 1.037 1.0 1.0
F271 1.042 <LOD
F306 1.050 1.6 1.6
F267 1.038 <LOD
F263 1.039 5.9 0.3 6.2
F151 1.035 2.1 2.1
FB07 1.045 0.9 0.9
F296 1.041 3.1 3.1
F164 1.035 <LOD

No. at or above LODb 7 9 4 13
Mediang 4.2 1.9 0.3 2.6
IQRg 1.6–21.2 1.3–2.6 0.2–0.4 1.2–5.8
Rangeg 1.0–33.4 0.9–5.9 0.1–0.4 0.2–35.5
Meang 11.0 2.3 0.3 7.1
S.D.g 13.3 1.6 0.1 10.8
Geometric Mean(95% CI) 5.4 (1.3–22.0) 1.9 (1.1–3.2) 0.2 (0.1–0.6) 2.9(1.2–7.2)

aLimit of detection (LOD) is the higher value of either the method detection limit based on analysis of deionized water
blanks (USEPA, 2016) or the lowest standard in the calibration curve (see Table S1). bMEP and MEHP concentrations
have been corrected for catheter and syringe blanks (see Table S2). All other compounds were <LOD in field
blanks. cMEP = monoethyl phthalate. dMEHP = mono-(2-ethylhexyl) phthalate. eMEOHP = mono-(2-ethyl-5-oxo-
hexyl) phthalate. fRecapture sample for F209. gReported for concentrations at or above the limit of detection.
Calculations exclude recapture sample for F209.
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well (Brock et al., 2016; Fossi et al., 2012, 2014; Ros et al., 2015, 2016), where individual and geographic
differences were observed.

MEHP and MEP are two of the most commonly reported phthalate metabolites detected in other marine spe-
cies; however, most studies have reported organ or tissue concentrations (e.g., blubber, skin, muscle, and
liver; Baini et al., 2017; Blair et al., 2009; Fossi et al., 2012, 2014; Hu et al., 2016; Ros et al., 2016), which are
not directly comparable to urinary concentrations. MEHP has been examined in urine from Florida
American alligators, where concentrations (mean = 56.4–4,540 ng/ml; Brock et al., 2016) were much higher
thanMEHP in Sarasota Bay dolphins (mean = 2.3 ng/ml; Table 4). Bile samples have been examined for certain
species of fish where the concentrations of MEHP were also considerably higher (mean roach = 15.5 ng/ml,
Valton et al., 2014; mean thicklip gray mullet = 2,530 ng/ml, Ros et al., 2015) than bottlenose dolphin urinary
concentrations detected in the present study (Table 4). Bottlenose dolphin urine geometric mean concentra-
tions of MEHP (1.9 ng/ml; 95:CI: 1.1 ng/ml to 3.2 ng/ml, n = 8) and MEP (5.4 ng/ml; 95% CI: 1.3 ng/ml to
22.0 ng/ml, n = 6) were compared to human urine geometric mean concentrations from the National
Health and Nutrition Examination Survey (NHANES) for years 2011 to 2012 (MEHP: 1.36 ng/ml, 95% CI:
1.25 ng/ml to 1.49 ng/ml; MEP: 37.9 ng/ml, 95% CI: 33.0 ng/ml to 43.5 ng/ml) and 2009–2010 (MEHP:
1.59 ng/ml, 95% CI: 1.41 ng/ml to 1.79 ng/ml; MEP: 64.4 ng/ml, 95% CI: 58.3 ng/ml to 71.2 ng/ml; CDC,
2017). MEHP andMEP were not detected in all bottlenose dolphin urine samples; however, among those with
detectable concentrations, MEP was significantly lower in dolphins than reported human concentrations
(p< 0.05, Figure 2a). TheMEHP geometric mean concentration for bottlenose dolphins was greater than both
NHANES years; however, likely due to the small sample of dolphins, these differences were not statistically
significant (p ≥ 0.05, Figure 2b). Additional dolphin sampling may confirm preliminary differences observed
in this study.

5.3. What Do these Data Suggest Regarding Exposure?

Although the sample size was small, this study provides some evidence that urinary levels of MEHP are
relatively high in Sarasota Bay bottlenose dolphins based on comparisons to human urine biomonitoring
data, warranting more detailed study of exposure routes in the coastal marine environment. Fair et al.
(2009) have also reported comparable biomonitoring data between bottlenose dolphins and humans.
In their study, triclosan, a common antimicrobial agent and potential endocrine-disrupting chemical
recently restricted by the U.S. Food and Drug Administration, was detected in dolphin plasma from other
coastal environments in FL and SC at levels comparable to those in human blood plasma (Fair et al.,
2009). The only other study to our knowledge measuring urinary phthalate levels of MEHP in wildlife
was conducted by Brock et al. (2016), who found extremely high levels in American alligators.
Although the comparison is complicated by interspecies differences in exposure and biotransformation,
the levels of MEHP were higher than in human populations and dolphin urine in the current study.
These American alligators were sampled from select lakes and wetlands in Florida and may have
received exposure from phthalate diesters added to herbicide formulations used for aquatic weed con-
trol (Brock et al., 2016). Whether this is a source of exposure for bottlenose dolphins is unknown.

Table 4
Comparison of Bottlenose Dolphin MEHP and MEP Urinary Concentrations to Reported Concentrations in Bile and Urine for Other Marine and Aquatic Species

Metabolite Species N Min Max Mean SD Units Matrix Location Paper

MEHP Bottlenose
Dolphina

17 <LOD 5.9 2.4 1.6 ng/ml Urine Sarasota Bay, Florida, USA This study

Alligator 9 <1.20 35,700 4,540 11,800 ng/ml Urine Everglades, Florida, USA Brock et al. (2016)
Alligator 10 <1.20 11,500 1,490 1,290 ng/ml Urine Okeechobee – Belle Glade, Florida, USA Brock et al. (2016)
Alligator 10 <1.20 11,100 1,290 3,470 ng/ml Urine Okeechobee – Moonshine Bay, Florida,

USA
Brock et al. (2016)

Alligator 9 <1.20 506 56.4 - ng/ml Urine Woodruff, Florida, USA Brock et al. (2016)
Roach 1 - - 15.5 - ng/ml Bile Orge River, France Valton et al. (2014)
Thicklip Gray Mullet 29 <LOD 20,581 2,532.8 4,203.6 ng/ml Bile South East Bay of Biscay Ros et al. (2015)

MEP Bottlenose
Dolphina

17 <LOD 33.4 9.6 12.7 ng/ml Urine Sarasota Bay, Florida, USA This study

Roach 4 - - 53 15.3 ng/ml Bile Orge River, France Valton et al. (2014)

aMean and S.D. calculated for concentrations at or above the LOD (MEP n = 7; MEHP n = 9).
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MEP concentrations in bottlenose dolphins were lower than human studies. This result should be
expected since human exposure to DEP is primarily through the direct application of cosmetics and per-
sonal care products (ATSDR, 1995). Still, MEP was found at the highest concentrations among phthalate
metabolites detected in this study, and MEP was not detected in alligators by Brock et al. (2016). While
many of the wastewater utilities in the Sarasota area have eliminated direct surface water discharges of
treated effluents in recent years and instead have diverted reclaimed wastewater to groundwater
recharge or agricultural reuse (Sarasota Bay Estuary Program (SBEP), 2014), these results indicate that
other sources of DEP/MEP remain and surface runoff and volatile emissions from agricultural and urban
environments are potential concerns.

Two regions of potential interest identified by overlaying dolphin sighting data with phthalate metabolite
detections are southeastern and northwestern Sarasota Bay. Southeastern Sarasota Bay drains the City of
Sarasota proper and also coincides with an area of Sarasota County that is currently undergoing massive
investments in water utility infrastructure in order to replace over 14,000 septic systems that present surface
water quality issues (SBEP, 2014). The northwestern region of Sarasota Bay including Palma Sola Bay is within
close proximity to Tampa Bay and the outlet of the Manatee River. Tampa Bay is a highly urbanized estuary,
and the Manatee River watershed and surrounding Manatee County is agricultural but also experiencing
rapid development (Tampa Bay Estuary Program, 2011). The area has a high rate of utilization of reclaimed,
treated wastewater for irrigation (SBEP, 2014), and water quality in the basin is potentially impacted by agri-
cultural runoff from widespread use of organic pesticides (Southwest Florida Water Management District,
2001; MacDonald et al., 2004). The Sarasota Bay region, anchored by the city of Sarasota in the south and
the city of Bradenton near Palma Sola Bay in the north, was recently ranked the tenth fastest growing metro-
politan region in the United States (U.S. Census Bureau, 2017). Proximity to urban environments also has been
associated with higher air concentrations of phthalate chemicals (Rudel & Perovich, 2009). Additional sam-
pling of individuals that frequent different regions of the study area and whose locations are known more
specifically to the previous 24–48 hr proximate to sampling would help identify the presence of any geo-
graphic trends in exposure, including potential sources.

While no significant differences in MEP, MEHP, and Σpht were observed between years, sexes, or age
classes, geometric mean and median concentrations of MEHP and Σpht in calves were slightly higher
than adults. In our study, the urine samples from three mother-calf pairs were analyzed for phthalate
metabolites, yielding mixed results. F151 had detectable concentrations of MEHP, but her calf (F267)
did not have detectable concentrations of any of the phthalate metabolites screened. FB33, the mother
of F259, had detectable concentrations of MEP and MEHP, while F259 only had a detectable

Figure 2. Comparisons of urinary MEP (a) and MEHP (b) concentrations between live bottlenose dolphins sampled from Sarasota Bay, FL in 2016 and 2017 and
human concentrations from the National Health and Nutrition Examination Survey (NHANES; CDC, 2017). Human concentrations reported as geometric mean
and 95% confidence interval. Bottlenose dolphin concentration reported as geometric mean and 95% confidence interval for animals with detectable
concentrations.
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concentration of MEOHP (near the LOD). Finally, MEHP was the only detectable metabolite in the urine
from FB07 and found at lower levels than her calf (F263), who also had a detectable concentration of
MEOHP. Phthalates may be transferred to offspring postpartum during lactation, based on the detection
in human breast milk of several phthalate diesters, especially the more lipophilic diesters and metabo-
lites such as DEHP/MEHP (Fromme et al., 2011; Main et al., 2006). However, it is uncertain whether the
mother-calf pairs encountered in the present study were nursing or if lactation is a relevant route of
phthalate exposure for bottlenose dolphin calves. One possible explanation for the differences observed
in mother-calf exposures could be that the calves, at 2 and 3 years of age, were starting to forage on
their own. Weaning of calves among Sarasota Bay dolphins is gradual, with small prey supplementing
milk during the first years of life (Wells et al., 2005). Also, calves may metabolize phthalates differently
than adult dolphins, evidenced by the detection of MEOHP in calf F259 and higher levels of MEHP than
her mother (FB07), suggesting differences in metabolism of DEHP. There are also differences in physiol-
ogy and activity level (e.g., inhalation rates) between adults and calves that would influence exposure
and urinalysis results. Unfortunately, results from this study do not enhance our understanding of
maternal phthalate transfer in dolphins because of the few mother-calf pairs sampled in these years.
Maternal transfer of biotransformed compounds is known to be complex, and potentially a
compound-selective process (Yordy et al., 2010a).

5.4. Next Steps

Bottlenose dolphin exposure to DEHP and DEP is concerning due to laboratory and human studies linking
these chemicals to adverse health effects including altered hormone synthesis and transport (ATSDR, 2002;
Meeker & Ferguson, 2014; Sathyanarayana et al., 2017], male genital developmental abnormalities (ATSDR,
2002; Swan, 2008), reproductive impairment (e.g., lower birth weight, Messerlian et al., 2017; preterm birth,
Meeker et al., 2009; delayed time to pregnancy, Thomsen et al., 2017; pregnancy loss, H. Gao et al., 2017),
and liver toxicoses including liver cancer (ATSDR, 2002). In fact, MEHP concentrations measured in the dol-
phins in this study (GM = 1.9 ng/ml; Range = 0.9–5.9 ng/ml) were at comparable levels reported to be asso-
ciated with a reduced probability of reproductive success in humans (Hauser et al., 2016). More specifically
among women undergoing IVF treatment, as urinary concentrations increased, Hauser et al. (2016) observed
a decreased probability of intrauterine pregnancies and successful live births, as well as reduced oocyte
counts. Although bottlenose dolphin health impacts from phthalate exposure are currently unknown, contin-
ued study is warranted especially as production and use of these chemicals persist. Results from this study
demonstrate that Sarasota Bay dolphins are exposed to and metabolize these chemicals, thus providing a
foundation for future studies investigating the correlation between phthalate metabolite concentrations
and other biomarkers of health.

Previous studies of phthalate metabolites in the blubber of marine mammals inhabiting different regions of
the Mediterranean Sea have provided evidence that phthalate metabolites, specifically MEHP, may be indica-
tive of environmental microplastic contamination (Baini et al., 2017; Fossi et al., 2012, 2014). If true, this sug-
gests that Sarasota Bay and surrounding areas could be polluted with plastic due to contaminated runoff or
effluents; however, to our knowledge, systematic studies of microplastic contamination have not been
reported for Sarasota Bay. The detection of MEP in these dolphins suggests exposure also to nonplastic
sources, as DEP is commonly incorporated in personal care products, cosmetics, and pesticide/herbicide pro-
ducts. Ultimately, we hope to establish the capability to use urinary phthalate metabolites as a biomarker of
environmental contamination and help to identify the source (s) of exposure for Sarasota Bay
bottlenose dolphins.
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